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Abstract. The Cassini RADAR instrument is a multimode 13.8 GHz multiple-beam sensor that can
operate as a synthetic-aperture radar (SAR) imager, altimeter, scatterometer, and radiometer. The
principal objective of the RADAR is to map the surface of Titan. This will be done in the imaging,
scatterometer, and radiometer modes. The RADAR altimeter data will provide information on relative
elevations in selected areas. Surfaces of the Saturn’s icy satellites will be explored utilizing the RADAR
radiometer and scatterometer modes. Saturn’s atmosphere and rings will be probed in the radiometer
mode only. The instrument is a joint development by JPL/NASA and ASI. The RADAR design
features significant autonomy and data compression capabilities. It is expected that the instrument
will detect surfaces with backscatter coefficient as low as −40 dB.

1. Introduction

The Cassini spacecraft, launched on October 15, 1997, carries a multimode Ku-band
(13.8 GHz, λ2.17-cm) radar instrument (RADAR) designed to probe Titan’s surface
and other targets in the Saturn system. It is distinguished by a number of novel
features which accommodate the large geometric variations in flyby trajectories
and the wide range of uncertainty in surface properties, and which efficiently utilize
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the limited spacecraft resources such as the data rates, the data volumes, and power.
This article describes the science objectives, operational modes, and general design
of the RADAR; the description given here updates the report published previously
(Elachi et al., 1991).

The RADAR will investigate the surface of Titan using all four of its opera-
tional modes—imaging, altimetry, scatterometry, and radiometry. The radiometry
and scatterometry will also be used to investigate other targets. The utility of radar
imaging of solar-system objects, inaccessible to remote sensing at visible wave-
lengths has been demonstrated most dramatically by the success of the Magellan
radar experiment at Venus (Johnson, 1991; Pettengill et al., 1991; Saunders et al.,
1992). It has been known since the early 1960s (e.g. Pettengill et al., 1962) that the
cloud-shrouded surface of Venus is solid. The correspondence in the radar cross-
sections between Venus and the Moon, Mars, and Mercury (see, e.g. Ostro, 1993)
indicated a gross similarity—both compositional and morphological—of Venus’
surface to the surfaces of the inner planets. The Arecibo and Goldstone radars had
produced impressive images of the part of Venus that faces the Earth when the
two planets are closest and hence when Venus radar echoes are strongest (see, e.g.
Campbell et al., 1983). Thus, even prior to the launch of the Magellan mission (and
the Pioneer Venus and Venera 15/16 missions before) the expected return signal
was fairly well understood and the results of the imaging operations anticipated.
That situation does not prevail in the case of Titan, though some globally averaged
radar reflectivity information exists.

Historically, the telescopic appearance of Titan has been compared to that of
Mars and ascribed to the same physical causes. In the words of the discoverer of the
atmosphere on Titan (Kuiper, 1944), “the color of Titan is orange, in marked con-
trast to Saturn and its other satellites or with Jupiter and its satellites. It seems likely
that the color is due to the action of the atmosphere on the surface itself, analogous
to the oxidation supposed to be responsible for the orange color of Mars.” The
Voyager images confirmed that the ball of Titan was indeed orange but the color
has been attributed to the suspended products of the photo- and radiation-induced
dissociation of atmospheric methane. As far-fetched as the idea of Titan made of
iron oxides may seem, it was justified by the density estimates current in Kuiper’s
time, which made Titan even denser than the Moon (see Table 2 in Kuiper, 1944).
The post-Voyager value of Titan’s density, 1.88 g cm−3 (Tyler et al., 1981; Lindal
et al., 1983), allows for a silicate abundance comparable to or less than that of ices
and organics together. The suspended aerosol particles represent one end state of
the photolysis of methane, which also results in the escape of hydrogen from the
planet. Post-Voyager estimates put the loss time of all the atmospheric methane at
about 1% of the age of the solar system. To account for the supply of methane in the
atmosphere, a family of models proposed to date require (or admit) the existence
on the Titan’s surface of a massive, perhaps global, methane reservoir, along with
ethane, propane, and other hydrocarbons (Lunine et al., 1983; Dubouloz et al., 1989;
Lunine and Rizk, 1989; Lunine, 1993). But the 1.7 dielectric constant of most light
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hydrocarbons at 90 K (e.g. Straty and Goodwin, 1973; Sen et al., 1992), implies that
the reflectivity of an ethane–methane mixture is equal to 0.02. Titan, if it were indeed
covered by a smooth, deep ethane–methane ocean, would generate a weak, specu-
lar, longitude-independent radar echo. The results of the λ3.5-cm Goldstone/VLA
Titan radar experiments indicate otherwise: Titan has been found to return a rela-
tively strong, diffuse, and longitude-dependent echo (Muhleman et al., 1990, 1992,
1993, 1995). On the average, Titan behaves in a manner similar to a Lambertian
scatterer, with echoes returned by nearly the entire Earth-facing hemisphere. The
radar cross-section peaks around longitude 90◦W (Figure 16 in Muhleman et al.,
1995), suggesting that a sizeable segment of the Titan’s leading hemisphere is free of
liquid hydrocarbons. Measurements of the λ3.5-cm radio emission from Titan have
yielded emissivity of 0.88 ± 0.03; this corresponds to materials with the dielectric
constant of 2.9 ± 0.6 (Grossman and Muhleman, 1992). Taken alone, the λ3.5-cm
reflectivity and the angular scattering behavior of Titan are closer to those of Callisto
than other radar-studied targets (Figure 17 in Muhleman et al., 1995). When the cir-
cular polarization ratio (i.e., the ratio of the same-sense to the opposite-sense circu-
larly polarized cross-sections), µc, is also taken into account, the main-belt asteroid
4 Vesta, believed to have basaltic crust, emerges as the closest radar analog to Titan
(Mitchell et al., 1996; Figure 1). Kuiper erred in assessing the reasons for the optical
appearance of Titan, but he seems to have anticipated Titan’s radar properties—
perhaps for wrong reasons also. Contamination by silicates may be responsible for
the Vesta-like radar characteristics of Titan, as might coating by solid photolytic
debris. (For a review of the dielectric properties of higher hydrocarbons, see Thom-
son and Squyres, 1990.) As a consequence of the Goldstone/VLA measurements a
global ocean on Titan should be seen as improbable, but discrete ethane–methane
lakes or inland seas are by no means ruled out. Telescopic observations in the 0.9,
1.1, 1.3, 1.6, and 2.0 µm methane windows confirm the apparent heterogeneity of
Titan’s surface (Griffith et al., 1991; Griffith, 1993; Lemmon et al., 1993, 1995).
Regional albedoes might be consistent with the presence of the water/ammonia ice
and of an unspecified dark material—possibly the debris left behind by the methane
photochemistry. The 0.9 and 1.1 µm Hubble Space Telescope maps of Titan (Smith
and Lemmon, 1993; Smith et al., 1996) show a feature with an albedo of about 8%
above the background, centered at the longitude of 110◦W, and covering 107 km2

(i.e. 10% of the total area of Titan). The feature is located on the surface itself
and coincides with the source region of the strong Goldstone/VLA radar echoes
(Figure 8 in Smith et al., 1996). The demise of the notion of a global ocean makes the
case for orbital imaging of Titan even more compelling. Given the contrast between
the higher-permittivity “bedrock” and the lower-permittivity liquid hydrocarbons,
detection of ethane–methane lakes in the RADAR data should be a straightforward
matter.

The bright IR/radar feature has been referred to as a “continent,” but its actual
physical nature is unknown. Neither an impact-related excavation of cleaner ice nor
a volcanic resurfacing of the (presumably) tholin-coated bedrock are deemed to be
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Figure 1. The λ3.5-cm opposite-sense radar albedo, σ oc, vs. the circular polarization ratio, µc, for
the Moon, Titan, 4 Vesta, Callisto, Europa, and Ganymede. Data sources: The Moon, Table 3 in
Harmon and Ostro (1985) and Table 1 in Pettengill (1978); Vesta, Table 7 and Figure 11 in Mitchell
et al. (1996); Callisto, Europa and Ganymede, Table 8 in Ostro et al. (1992). The value for the mean
cross-section of Titan is from Muhleman et al. (1995), p. 369. The error bar on µc for Titan was
computed from data in Table 1 in Muhleman et al. (1995). Ganymede and Europa are included for
comparison, as the objects with the most extreme radar properties.

the likely generation mechanism of the feature (Smith et al., 1996). Since methane
precipitation is possible on Titan (Toon et al., 1988), and the associated limitations
on the erosion rates are at least qualitatively understood (Lorenz, 1995a; Lorenz and
Lunine, 1996), the bright feature has tentatively been identified as a topographic
high exposed to the cleansing effect of methane rainfall (Smith et al., 1996). Since
that cleansing would wash away tholin deposits, the enhanced strength of the radar
echo, returned presumably by clean (or cleaner) ice, could then be easily explained.
The seasonal hemispheric brightness variability, the other telescopically observed
phenomenon on Titan, is probably related to processes taking place well above the
surface (Caldwell et al., 1992; Lorenz et al., 1997), and thus is of no immediate
interest to RADAR.

2. Science Objectives

The overall science objectives of the Cassini mission include five Titan-specific
objectives. Two of these—the determination of the physical state, topography, and
composition of the Titan’s surface; and the measurement of global temperatures
and general circulation on Titan—constitute the overriding goal of the RADAR
experiment. Whenever feasible, the RADAR will also conduct observations of
the icy satellites, Saturn’s rings, and Saturn itself. The Titan observations, how-
ever, constitute the highest scientific priority for the RADAR, and they drive its
design.
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2.1. TITAN

The general objective of the RADAR experiment is to carry out the first-order
geological reconnaissance of Titan’s surface and to derive a quantitative charac-
terization of the surface. The approach is to use microwave radiation to penetrate
opaque atmosphere, map the surface, and, combining RADAR data with the data
from the Cassini optical remote sensing instruments, obtain a comprehensive un-
derstanding of Titan’s physical condition. An important early objective is to acquire
coverage of the Huygen’s landing site. The purpose here is to give regional con-
text to the data generated by the probe payload and particularly to the topography
measurements from the probe’s own (optical) imager and radar altimeter.

A global view of Titan and its geological and climatological history will result
from mapping in all four RADAR modes. Special attention will be paid to the
moon’s cratering record. The crater size distribution, particularly as a function
of elevation, will provide a constraint on the duration and extent of any episodes
of atmospheric collapse (Engel et al., 1995). Crater morphology is an indicator of
subsurface structure and, by implication, of Titan’s thermal history. The likelihood
of surface liquids suggests that there may be hydroblemes (seabed impact craters)
and tsunami deposits. Although only a fraction—about 25%—of Titan’s surface
will be mapped in the SAR mode, the long, thin coverage swaths are an efficient
means of establishing the crater distribution—a large impact crater is more likely
to be cut by a long, thin swath than by a square patch of the same area (Lorenz,
1995b).

The polar regions of Titan are also important targets for RADAR SAR imaging.
The polar climate may have experienced more variability than the global average.
The reason for this is that Titan’s obliquity is fractionally larger than the Earth’s,
and although its present atmosphere damps out seasonal changes, a thinner past
atmosphere may have allowed the polar temperatures to swing widely. A recent
re-analysis of Voyager IR data suggests that the poles may experience more pre-
cipitation than the equatorial regions, raising the likelihood of surface liquids and
erosional features. The seasonal effects on the polar hazes (Samuelson et al., 1997)
may also make these regions more difficult to observe at optical wavelengths.

The RADAR altimetry data will provide information on relative elevations along
portions of the suborbital tracks. The SAR and altimetry data will be examined to
seek evidence for the effects of crustal processes such as viscous relaxation and
cryovolcanism. Volumes of the cryovolcanic constructs identified in the altimetry
data, may indirectly constrain Titan’s hydrocarbon budget, while morphometry of
erosional features may provide information about the rates at which volatiles are
recycled.

The high-resolution (350–720 m) SAR images will permit identification of fea-
tures and terrain types that will be observed in varying locations on Titan and in
different viewing geometries. RADAR scatterometer data will reveal the backscat-
ter efficiency versus incidence angle for a large fraction of Titan’ surface, although
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the spatial resolution may be coarse (as in the radiometer mode). Nonetheless,
scatterometer data will constrain surface slope distribution and the density of the
uppermost decimeter of the surface. Scatterometer data will also be most similar
to the data taken with the upgraded Arecibo radar during the coming decade and
therefore will allow Titan’s global radar properties to be defined in detail.

In its radiometric mode, RADAR will produce thermal emission (brightness
temperature) maps of essentially the entire surface of Titan. To this end, the space-
craft will be commanded to execute spiral scanning maneuvers. The spiral scanning
will be expanded in targeted areas by rolling the spacecraft about the z-axis. The
emissivity and the integrated reflectivity are complementary (but anti-correlated)
quantities. Because the radar backscatter that is measured by the instrument is also
related (although weakly) to the integrated reflectivity, the radiometer data may
be expected to provide additional information on the nature of Titan’s surface.
The radiometric brightness temperature and its dependence on polarization and
angle of incidence will be used to discriminate among surfaces of smooth and bro-
ken ice fields, liquid hydrocarbon lakes, and ice coated with organic precipitates
from the atmosphere. Specifically, we will augment the interpretation of the active-
modes RADAR data by constraining large-scale (10–30 km) surface composition
from dielectric properties measured along radar tracks. Emissivity (as well as radar
reflectivity) of a given substance is a strong function of the density; thus an emis-
sivity map can be interpreted as a surface density map. We hope to discriminate
between ice and snow or rock and soil in this way. A procedure which is being
developed to interpret the RADAR radiometry data will also be used to model
observations of comet Wirtanen with the Microwave Instrument for the Rosetta
Orbiter (MIRO). Finally, taking advantage of the repeated opportunities to collect
radiometer data over the entire disk of Titan, we will investigate global circula-
tions and thermal transport by determining physical temperature contrasts between
equator and poles, and between night and day.

The RADAR is a single-polarization instrument, but information about the po-
larization state of echoes is often needed to make unambiguous statements about
physical properties. Arecibo’s λ12.6-cm data will provide a very accurate curve of
Titan’s disk-integrated radar cross-section in two polarizations for subradar tracks
near the equator (as well as nearly global maps with resolutions of order of several
hundreds of kilometers). The availability of Cassini RADAR disk-integrated cross-
sections will permit direct, model-independent calibration of Cassini and Arecibo
data against each other, and also will define a solid boundary condition on models
of the backscattering function’s variation over the surface. Titan fills the RADAR
center beam, at about a million kilometers, so disk-integrated measurements should
be made no closer than that. At that distance, even a 1 s integration with the scat-
terometer will produce an echo much stronger than what Arecibo can obtain on any
given date.

In order to make the results of the RADAR experiment easily accessible, we
will devise means of placing the data in a consistent spatial framework in which
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the individual datasets (SAR, thermal emission, and altimetry/scatterometry) will
be combined with one another and with the optical remote sensing data. As part
of this objective, we will construct a global geodetic control network for Titan.
This is needed to compare the various types of observations, and it will allow
determination of the spin pole direction and rotation period of Titan (cf. Hubbard
et al., 1993; Lemmon et al., 1993, 1995). Cartographic products will be generated
from individual observations, mosaics of like data, and composites of different,
coregistered datasets. Digital maps in sinusoidal and oblique sinusoidal projections,
and hardcopy products in conformal projections, will be produced at a range of
scales, with appropriate divisions of the surface of Titan. Also, topographic mapping
of Titan will be attempted by digital stereogrammetry (where overlapping SAR
images are obtained with favorable geometry), and by radarclinometry (shape from
shading in single images). Ganymede, which is similar in size to Titan and has
been observed at resolutions comparable to those of the RADAR (Inge and Batson,
1992), provides the initial model for the Titan cartographic program.

2.2. ICY SATELLITES

In general, the IR measurements of icy satellites are most sensitive to the conditions
in the upper few centimeters of the surface. Measurements around all phase angles
contain information to depths of up to several tens of centimeters, which can be
retrieved in only a model-dependent way, e.g. on the assumption of constant density
and thermal parameters over that depth. Measurements at microwave frequencies
are sensitive to temperatures down to the depth of about 1 m if the ice is dense
and several meters if the ice is under-dense. The thermal properties of the surface
regolith, e.g. the ability to retain heat, may further be constrained by temperature
measurements as a function of local time. Therefore an objective of the Cassini
RADAR is to conduct radiometric observation of icy satellites during untargeted
flybys at distances of less than about 100,000 km. Operations at closer ranges, when
the satellite disk can be covered by a sufficient number of footprints, will give an
opportunity to identify “hot spots” if there is cryovolcanic activity as is conceivable
at least for Enceladus.

The Earth-based radar backscatter measurements in the outer solar system have
been limited to the Galilean satellites and Titan (for a review, see Ostro, 1993).
The RADAR scatterometry mode allows backscatter measurements on Saturn’s icy
satellites also. This can be seen from a simple comparison of the Cassini RADAR
with the Goldstone radar—the least sensitive of the three Earth-based planetary
radar systems (Goldstone, Goldstone/VLA, Arecibo). The RADAR’s emitted power
is about 10−4 of the power emitted by Goldstone, and the gain of the Cassini Orbiter
High Gain Antenna (HGA) is about 10−5 of the gain of the Goldstone 70 m dish.
The deficit of nine orders of magnitude can be compensated for by the fact that even
during distant flybys (100,000 km) of icy satellites the RADAR is about 104 times
closer to these targets than are the Earth-based radars. Taking into account the r−4
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dependence of the received power, the RADAR might thus be about 107 times
more sensitive than the Goldstone system. As an example, the RADAR scatterom-
eter can obtain a signal-to noise ratio equal to 2 (comparable to that obtained by the
Goldstone/VLA observations of Titan; see Muhleman et al., 1990) by integrating
only 1400 pulses from 500 km objects (Dione, Tethys) at a range of 300,000 km.
Much higher signal-to-noise and spatially resolved measurements can be achieved
at shorter ranges. Since radar cross-sections are equivalent to microwave albedoes,
these measurements will complement the measurements of the visible and IR albe-
does obtained by the Cassini optical remote sensing instruments. Furthermore, the
RADAR scatterometer observations of icy satellites may be conducted at ranges
too large to be useful to optical remote sensing. (Tour 18-5 offers 138 flybys of
icy satellites at ranges from 100,000 to 300,000 km.) This would contribute to the
optimal utilization of all available tour segments.

2.3. SATURN’S RINGS

Microwave flux due to the thermal emission by the rings particles and to scattering
by the same particles of the emission from the deep atmosphere of Saturn will be
sensed in the RADAR radiometer mode. Microwave emission from the ring particles
uniquely probes through the mass of the particles because the λ2-cm wavelength
penetration depth is of the order of 1 m. Thus, the RADAR radiometer presents
the best way to measure the ice-to-dust ratio of the particles, as a function of radial
distance from Saturn. Several radial scans of the ring system will be required during
high-inclination Saturn passes.

2.4. SATURN

The deep subcloud region of Saturn is inaccessible to observation by means other
than the measurement of thermal emission that originates in that region. The
RADAR objective is to map variations in ammonia humidity in the subcloud re-
gion, which can be achieved through RADAR radiometer mapping. Ammonia is
a tracer of atmospheric motions and provides unique insight into the dynamics of
Saturn’s atmosphere. Also, the radiometer provides a deeper, and hence comple-
mentary, weighting function to other Cassini instruments that operate at shorter
wavelengths, and makes an essential contribution to the sounding of Saturn’s
atmosphere.

Microwave imaging of Saturn at centimeter wavelengths from the Very Large
Array (VLA) (Grossman et al., 1989) reveals significant latitudinal structure, plau-
sibly interpreted as a decrease in the ammonia vapor abundance at the cloud deck
from equator to pole (Grossman, 1990). VLA images of Saturn are compromised,
however, by the geometrical foreshortening of the polar region as well as the aper-
ture synthesis and necessary 3 h integration of zonally smeared observations, and
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are limited to a 2% variation in their dynamic range. Polar observations at a near-
normal viewing angle by the Cassini RADAR radiometer can resolve the horizontal
ammonia structure in the region of the Saturn polar hexagon (Allison et al., 1990)
and with complementary mapping from low-inclination orbits potentially afford
characterization of vertical variations apparent at differing emission angles. The
further prospects for these observations would include their possible interpreta-
tion as tracer-maps of Saturn’s “potential vorticity” distribution (cf. Allison et al.,
1995).

High-inclination flybys will be required for polar imaging, low-inclination fly-
bys for acquiring a full longitudinal image of the planet. To conduct radiometric
observations, the preferred range of distances to Saturn is anticipated to be between
about 5RS and 15RS, where Rs is the equatorial radius of Saturn, roughly 60,000
km. It is also the objective of RADAR to obtain synoptic thermal-emission images
of Saturn’s disk. These images will be used to calibrate the radiometer for the Titan
radiometric mapping.

3. Experiment Description

Since the RADAR will operate almost exclusively during close flybys of its targets,
altitudes will change rapidly throughout the data collection periods. Under such
conditions, operations in a multiplicity of modes are a necessity. The instrument
was designed to incorporate four modes: imaging (either high- or low-resolution),
altimetry, scatterometry, and radiometry. The basics of operations in these modes
are outlined below; the system design considerations are summarized in Sections
4 and 5.

An optimum Titan flyby scenario, in which all RADAR modes are exercised
and a maximum volume of data is collected, calls for about 10 h of uninterrupted
operations. At 5 h away from the closest approach, the spacecraft is about 100,000
km from Titan (Figure 2). At that distance the RADAR is used in the radiometer-
only mode. As the spacecraft approaches Titan, the remaining modes are activated;
first scatterometry, followed by altimetry, and, finally, imaging. Upon receding

Figure 2. Sequence of the RADAR operational modes during a nominal Titan flyby. To the RADAR,
the term “nominal” designates a flyby with the closest-approach altitude of 1,000 km.
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from Titan, the order of modes is reversed. A detailed description of the RADAR
observational strategy is presented in Section 3.5 below.

3.1. IMAGING

The RADAR imaging mode provides low-to-high resolution synthetic aperture
(SAR) images. The meaning of the terms “low” and “high” in the present context
is clarified in Table I. Reference to appropriate analogs may be of further help.
Thus, when considering the absolute pixel size, the low-resolution RADAR images
will be comparable to the Venera-15/16 and Arecibo radar images of Venus, and
the high-resolution RADAR images will be similar in resolution to the Mariner-9
optical images of Mars.

As the SAR data are being acquired, the spacecraft is pointed to the left or right
of the nadir track. The way in which this off-nadir angle is varied is referred to as
the look-angle profile, where look angle is the angle between boresight and nadir.
Look angle is used to calculate the incidence angle—the angle between the antenna
boresight and local surface normal. For typical natural surfaces, larger incidence
angles tend to better reveal surface topography. From a mission standpoint, the
profile of incidence (or look) angle used during SAR datataking is unconstrained
except for limitations on spacecraft turning rates. One likely algorithm is to keep the
largest incidence angle possible, consistent with a given received signal-to-noise
ratio. This rule was followed during the primary mapping phase of the Magellan
mission. An alternative philosophy is to maintain constant incidence angle with
respect to the surface; this facilitates comparisons of images from different areas.
For more detailed information on the principles of SAR imaging and interpretation,
see, e.g. Elachi (1987, 1988) and Johnson (1991).

The total width of the RADAR swath is created by combining the five individu-
ally illuminated sub-swaths (see Section 5.4) and ranges from 120 to 450 km at the
spacecraft altitude, h, of 1,000 to 4,000 km. Each 1,000 km flyby of the RADAR
will yield a SAR strip about 5,000 km long. Each such strip will image about 1.1%
of Titan’s surface. Over a tour in which, say, 25 close flybys would be available
to the RADAR, at least 25% of Titan’s surface could be imaged. This statement,
although true in principle, needs to be qualified. As the example of the tours 18-5
and 19-1, introduced in Figure 3, illustrates, the SAR coverage is sensitive to the
characteristics of a given tour—the segment of Titan repeatedly imaged in one
tour may be invisible to the RADAR in another tour. Furthermore, the unavoidable
overlap dictated by orbital dynamics reduces the aggregate SAR coverage in each
tour.

3.2. ALTIMETRY

The altimetry mode will typically employ only the central, narrow antenna beam, to
make time-of-flight measurements of the relative surface elevations along suborbital
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Figure 3. Mapping of Titan in the RADAR high- and low-resolution imaging modes. Included are
only flybys with the close-approach altitudes <4,000 km; incidence angle 20◦. (Top): Tour 18-5,
(Bottom): Tour 19-1.

(nadir) tracks. Tight spacecraft pointing toward Titan’s center of mass is required
during the time altimetric observations are in progress. The primary information
from the altimetry echoes is the range from spacecraft to surface which, taken
together with the knowledge of the spacecraft and Titan ephemerides, will be con-
verted into Titan’s radii along the subradar track. Relative topographic accuracy
will approach 150 m (see Section 4.1.2); absolute accuracy of radii will depend
on the postflight ephemeris reconstruction accuracy, which has not yet been evalu-
ated. Since complete return echoes are relayed to Earth, it is also possible to apply
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appropriate scattering models to infer surface microtopography and reflecting prop-
erties, as has been done with the Magellan altimetry data (Ford and Pettengill, 1992;
Tyler et al., 1992). The full length of a suborbital track for the spacecraft moving
from the altitude of 10,000 km, through closest approach at 1,000 km, back to
10,000 km, is about 6,500 km. That is the maximum length of a topographic profile
that can be obtained, assuming imaging is sacrificed to altimetry. For comparison,
the currently available Goldstone altimetry profiles of Mars span no more than
about 6,000 km (Downs et al., 1975). During a nominal Titan flyby (Figure 2), the
two topographic profiles collected at the tail ends of imaging runs will each span
about 750 km.

3.3. SCATTEROMETRY

The RADAR scatterometer mode measures the surface backscatter coefficient, σ 0

(radar cross-section normalized to the illuminated surface area), as a function of
the incidence angle. From the instrument standpoint, this mode does not differ
from the altimetry mode except for the reduced resolution; it has in fact often been
referred to as “low-resolution altimetry.” Since echoes at multiple incidence angles
are desired, the spacecraft is commanded to scan preselected portions of Titan’s
disk between the nadir and limb, as during the RADAR radiometer observations.
This mode allows radar echoes to be obtained from anywhere on Titan at a variety of
incidence angles, albeit at resolutions much coarser than in the other active modes.
An alternate mode manner of scatterometer operations, in which the RADAR central
beam illuminates the icy satellites from a considerable distance, has been briefly
outlined in Section 2.2.

3.4. RADIOMETRY

To acquire the RADAR radiometry data, three types of scans will be executed. Each
will trace a spiral track on the surface of the target body. In two of these scans, only
the central RADAR beam will be utilized; the third scan may involve one, three, or
five beams. The first of the two central-beam scans is defined by a constant cone
angle ϕ. The constant cone-angle scan yields data with a footprint of continuously
varying sizes (Figure 4 (top)). In the second central-beam scan, the spacecraft is
maneuvered so that the High Gain Antenna (HGA) describes an outward spiral and
the boresight sweeps through a cone of increasing angular radius. Using parameters
for the maneuvers appropriate to the approach velocity results in a nearly constant-
resolution scan, balancing the decreasing range to Titan with increasing cone angle
(Figure 4 (bottom)). Almost global coverage of Titan, at a resolution of about 500
km, is possible in a few judiciously selected flybys. Global coverage with a higher
resolution will require scanning of Titan during each RADAR flyby.
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Figure 4. Scanning of Titan with the RADAR central beam. (Top): Constant cone angle; distance
100,000 km–10,000 km, clock rate 0.05◦ s−1. (Bottom): Variable cone angle; distance 80,000–25,000
km, clock rate 0.20◦ s−1.

When only the central beam aligned with the (−z)-axis is used during a scan, the
spiral can be followed using small cyclic rotations about the x- and y-axis. The HGA
nods in a circular motion, tracing out the spiral, but there is no cumulative rotation
about the antenna boresight. In the third type of RADAR scan, when several beams
are brought into play, the plane of the beam must be held perpendicular to the motion
of the track. Consequently, as the spiral is followed, an additional rotation about
the z-axis is also necessary. The rate and acceleration limits governing spacecraft
under Reaction Control System (RCS) control (Table 8.8 in the Cassini Mission
Plan, PD 699-100) place bounds on how rapidly the clock angle of the spiral in
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either of the three scans can change. If ω is the clock rate, then ωϕ must be less than
0.4◦ s−1 and ω2ϕ must less than 0.01◦ s−2, at all times. Either of the three RADAR
scans can be commanded by representing the surface track relative to the center
of the target body as a sequence of vector polynomial segments in the Attitude
and Articulation Control Subsystem (AACS) inertial vector table. An additional
constraint that is imposed by the maximum frequency content of vector representa-
tions in AACS limits ω to less than 3.6◦ s−1. Radiometry data will also be acquired
during each of the active modes through the same beam used in the active mode
(i.e. when transmitting) for that radar burst. The data will be acquired between the
bursts.

3.5. DATA ACQUISITION SCENARIOS

The RADAR will conduct its observations in the mission’s RADAR/INMS opera-
tional mode. Because of similar requirements on Titan flyby geometry, the RADAR
and the Ion and Neutral Mass Spectrometer (INMS) have been combined into a sin-
gle mission operational mode; for the definitions of the mission operational modes,
see Tables 8.1 and 8.4 in PD 699-100. Use of the RADAR modes depends primarily
on (1) pass assignment; (2) flyby altitude; (3) science objectives; and (4) agreed-
upon priorities among the instruments within the RADAR/INMS mode. Sharing
Titan passes with other investigations may allow optimizing Titan observations for
all parties, although these opportunities depend on, for example, the spacecraft
being able to turn and change operational modes rapidly enough that the cost in
overhead is small compared with the incremental science gain. The final observa-
tion strategy will be determined before arrival at Saturn; combined scenarios may
indeed turn out to be attractive in their ability to maximize the amount of science
data collected.

Ideally, the RADAR’s full capabilities would be realized in a RADAR-dedicated
Titan pass with a flyby altitude of 1,000 km or lower (Figure 2). In the inter-
val between −6 and −5 h relative to the closest approach to Titan, and after the
RADAR receiver had sufficiently warmed up, external radiometric calibration is
performed by pointing the HGA at one or more predetermined calibration targets
(cold sky, the Sun, the disk of Saturn, or a galactic radio source) and gathering
thermal energy emitted by those targets. About 6 h before the closest approach,
radar sequences are loaded. The subsequent operations are autonomous although
coordinated with spacecraft maneuvers. At about −5 h (h = 100, 000 km), the in-
strument commences observations in the radiometer mode as the spacecraft creates
a scan pattern. Reception of thermal emission continues even when the RADAR
is in active modes, but scanning using the spacecraft becomes less useful as the
angular movement relative to Titan increases. At about −78 min (h = 25, 000 km),
the instrument begins active scatterometric observations. Depending on available
maneuver time and desired targeting, either single- or multiple-beam observations
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may be pursued. At about −30 min (h = 9, 000 km), the spacecraft maneuvers to
point the HGA in the direction of the Titan’s center of mass. After this maneuver
has been accomplished, altimetry begins. At about −16 min (h = 4, 000 km), al-
timetry ends, the HGA is pointed 10–20◦ to one side of the ground track, and the
low-resolution SAR imaging begins as the spacecraft executes the planned look-
angle profile. At about −6 min, the spacecraft drops below an altitude of 1,600 km
and the acquisition of high-resolution SAR images begins. This mode of operation
will continue through the closest approach of Titan at altitude of 1,000 km. As
the spacecraft recedes, the same sequence of the RADAR modes is executed in
reverse.

While a few of the actual flybys of Titan may follow the standard sequence
described above, there are at least three reasons for other, non-standard sequences.
First, orbital dynamics is the driving factor for designing close Titan approaches
into the tour and setting the dynamically optimal flyby altitudes. Thus, a number of
flybys may occur at altitudes higher than 4,000 km, making SAR data acquisition
unfeasible. Second, once the general physiography of Titan is known it may be
more scientifically profitable to collect data in the other RADAR modes, over a
particular target area. This may disrupt the standard sequence. Third, the needs of
other instruments or an urgent spacecraft activity may interfere. For instance, in
the vicinity of Titan, the principal non-science activity will be spacecraft tracking,
which requires the HGA be pointed at Earth. As a result, the RADAR sequence
may have to be truncated. In many cases, therefore, parts of the standard sequence
may be mixed with other activities.

4. Radar Operations

The anticipated uncertainties in the spacecraft ephemeris and attitude predictions
have led to a “burst timing” design for signal transmission and reception. In this
timing approach, as shown in the lower portion of Figure 5, the radar transmits a
series of pulses for a given time period and is then switched to receive the return
echo burst. After reception, the radar switches to the radiometer mode to collect the
surface-radiation measurements. With such an approach, the uncertainty in timing
due to ephemeris and pointing errors will be accommodated by adjusting the burst
period and data window rather than the pulse-to-pulse timing as in the case of the
conventional pulse interleave approach. The chosen approach is expected to be
more effective in utilizing the allocated data rate/volume, as well as in lowering the
probability of data loss. The upper portion of Figure 5 illustrates the sequence of
bursts as each antenna beam is used. For each beam the bursts overlap to give the
multiple looks necessary in SAR in order that the speckle noise be reduced. A flyby
with a closest approach altitude is used as an example in the following discussion
but during actual operations the predicted profile will be used to set all the RADAR
parameters for each pass.
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Figure 5. Non-interleaved multi-beam pulse burst timing for radar and radiometer operations.

4.1. RADAR MODES DESIGN

The motivation for the RADAR modes design is the desire to accommodate the
potentially different types of surfaces on Titan (or other targets). Given the uncer-
tainties in the ephemeris and in Titan’s radar properties, the RADAR system per-
formance must be robust. Since the radar range will be constantly varying within
a single flyby as well as from flyby to flyby, the radar parameters such as pulse
width, bandwidth, receiver gain, pulse repetition frequency, and other timing must
be updated at regular intervals in order to maintain sufficient signal-to-noise ratio
on the radar echoes. The major system parameters for each of the four instrument
modes are listed in Table II.

4.1.1. Imaging mode
During radar imaging, the spacecraft will roll to either the left- or right-side
of the suborbital track according to the pre-determined sequence, and five an-
tenna beams will be utilized, one at a time, to obtain the maximum possible
cross-track swath coverage (Figure 6). The azimuth image resolution will be
accomplished by unfocussed SAR processing of the echo bursts. With the de-
signed burst timing and processing schemes, the azimuth resolution, daz, can be
expressed as

daz = λR

2LSAR
= λR

2

1

TB

1

vsc sin θ
= λR

2

c

2R

1

vsc sin θ
= λc

4vsc sin θ

where λ is the radar wavelength, R the range, LSAR the unfocussed SAR aperture,
TB the echo burst period, c the pulse propagation speed, vsc the spacecraft velocity,
θ is the radar azimuth pitch angle, and vsc sin θ is the spacecraft velocity component
perpendicular to the radar line of sight (Im et al., 1993). The azimuth resolution
is estimated to be between 350 and 720 m throughout the imaging period of each
flyby.
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Figure 6. Antenna beam configuration for the Cassini RADAR. (Top): Nadir pointing for altimetry.
(Bottom): Side-pointing for imaging.

The range resolution, dr, is accomplished through range compression of the
chirp signals:

dr = c

2B sin φ

where B is the chirp bandwidth and φ is the incidence angle. In order to enhance
the signal-to-noise ratio, a 850 kHz bandwidth will be used when the spacecraft
altitude is 1600 km or less, and a 425 kHz bandwidth will be used at spacecraft
altitudes between 1,600 and 4,000 km. The corresponding dr is estimated to be
between 420 m and 640 m at h < 1,600 km, and between 420 and 2,700 m at
1,600 km < h < 4,000 km.
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Figure 7. The σ 0 noise equivalent (NEσ 0) of the RADAR images during a nominal Titan flyby, with
h = 4,000 km at t = ±16 min.

Due to the imperfect knowledge of the surface backscatter characteristics of
Titan, we choose to use the so-called noise-equivalent backscattering coefficient,
NE σ0, as a measure of the signal detection sensitivity. This quantity is defined as
the normalized surface cross-section which gives rise to a unity single-look thermal
signal-to-noise ratio. That is,

NEσ0 = 2(4π )3kT B R3l2
atm sin φ

PT G2λ2ract

where k is the Boltzmann’s constant, T the system noise temperature, l2
atm the round-

trip atmospheric loss, PT the radiated peak power, G the antenna gain, ra the 3 dB
along-track beamwidth, and t the pulse duration. Figure 7 shows NEσ 0 as a function
of the flyby time for a typical Titan flyby with spacecraft altitude at the closest
approach, h0, equals 1,000 km. Due to the continuous change in both the range
and Doppler contours as well as the irregular isogain contour of the offset antenna
beams, the image ambiguity varies substantially throughout a Titan flyby. The total
signal-to-ambiguity ratio is estimated to be ≥15 dB for all images obtained by the
Cassini RADAR (Hensley and Im, 1993).

4.1.2. Altimeter mode
This mode will be used to generate relative elevations profile along the Cassini
spacecraft sub-orbital track. Operating at spacecraft altitudes between 4,000 km and
9,000 km, this mode will utilize the nadir-pointing central antenna beam (Beam
3) for transmission and reception of chirp pulse signals at a system bandwidth
of 4.25 MHz. The altimetric measurements along the sub-nadir ground track are
expected to have horizontal resolution (pulse-limited radar footprints) ranging be-
tween 24 and 27 km and vertical resolution of about 50 m. The relative height
change, �h, over a surface region illuminated by two successive radar footprints
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can be expressed as

�h = (h2 − h1) − c(t2 − t1)

2

where h2 and h1 are the radar altitudes, deduced from spacecraft trajectory, at two
points of interest and t2 and t1 are the corresponding round-trip flight times of the
radar pulses. Since the trajectory perturbation is likely to be small, (h2 − h1), and
therefore �h, can be deduced quite accurately during ground processing. We expect
that an overall accuracy of 150 m can be achieved.

4.1.3. Scatterometer mode
The lack of reliable information on the backscattering characteristics of Titan’s
surface has been of major concern in the course of the RADAR design work. In order
to compensate for the possibility that parts of Titan’s surface are unexpectedly radar-
dark, and to ensure credible measurements of the surface backscatter variations,
we have incorporated a dedicated scatterometer mode into the overall design. The
functional concept of the scatterometer mode is similar to that of the altimeter
except for one major difference—the scatterometer bandwidth is but 106 kHz, to
give sufficient signal-to-noise ratio at long ranges. The RADAR will operate in the
scatterometer mode at altitudes between 9,000 km and 25,000 km. The spacecraft
will be required to execute specified scanning maneuvers (spiral or circular). Both
the backscatter and noise-only measurements will be collected, so that the surface
backscatter coefficient, σ 0, can be estimated. Depending on the range distance and
angle of incidence, this mode will detect σ 0 as low as −35 dB. The long-distance
scatterometer observations of icy satellites, whose objective is to measure the disk-
integrated radar albedoes, may also require execution of limited conical scans.

4.1.4. Radiometer mode
While operating in the radiometry mode, at a bandwidth of 135 MHz, the RADAR
will measure the 13.8 GHz emissivity of Titan and targets of opportunity. The
radiometer mode can be used alone or in conjunction with other RADAR modes.
The data are collected as shown in Figure 7. During each burst, after the active
portion of the radar cycle is completed, the radiometer first switches to the noise
diode as input, and then to the resistive load in the Front End Electronics (FEE).
Each of these calibration sources are sampled once per burst, and the integration
times are set to yield between 2,000 and 3,500 counts in a 12-bit (4095) counter.
After the two calibration measurements are made, multiple measurements (up to
255) are made through the antenna port. These multiple 12-bit values are summed to
give one 20-bit value per burst. Thus, during each burst three radiometer data-points
are recorded. Before and after each radiometer only data-taking the HGA will be
turned to “cold-space” for an absolute calibration of the antenna-input relative to the
internal calibration sources. According to our estimates, the RADAR radiometer is
capable of measuring brightness temperature with an error of less than 3 K.
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Figure 8. The Doppler shift during a nominal Titan flyby, with h = 22,500 km at t = ±70 min.

4.2. DOPPLER TRACKING

Due to the spacecraft motion, the received radar signal will be Doppler-shifted. The
extent of the shift depends on the antenna pointing, frequency, and orbit geometry.
Assuming that the antenna is pointed toward the center of Titan at any time during
a flyby, the maximum Doppler shift, �f, will be less than ±600 kHz, for a flyby
altitude of 1,000 km at closest approach. The Doppler shift profile versus flyby
time is plotted in Figure 8. In our current design, the chirp signals will be generated
digitally with center frequency shifted by an amount equal to −�f in order to
compensate for the shift. Other factors such as the trajectory perturbations, finite-
time updates, and off-nadir antenna pointing will also contribute to the shift. The
receiver filters compensate for these shift residues.

4.3. ONBOARD DATA REDUCTION

Signals to be acquired by the active radar modes will initially be quantized to 8 bits.
In order to satisfy the allocated output data rate constraint, the radar data will be re-
quantized onboard to a lesser number of bits, using the block-adaptive quantization
(BAQ) scheme similar to the one used by the Magellan radar. In this scheme, the
8-bit digital samples per interpulse period are divided into a finite number of blocks.
After signal averaging over a number of pulse periods, the averaged power in each
block is estimated and a threshold is determined. The 8-bit data are then scaled with
respect to the threshold and the scaling factor is quantized to k bits (k < 8). Both
the scaling factor and the threshold values, after quantization, will be downlinked
for signal reconstruction purpose. This, together with the lesser number of bits
used for the scaling factors, reduces the output data rate substantially. Our current
estimates of the output data rates are: 195 and 250 kbps in the imaging mode, low
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and high resolution, respectively, (8-to-2 reduction), 30 kbps in the altimeter and
scatterometer modes (8-to-4 reduction). We use a larger number of bits for altimetry
and scatterometry due to the fact that in these modes less data are averaged and the
initial data rates are lower.

4.4. CONTROL INSTRUCTIONS

The timing, gain, antenna port selection, and other setup parameters of the RADAR
are controlled through a set of instructions which are calculated on the ground and
uplinked to the spacecraft prior to a flyby. After the RADAR is turned on and
the FSW loaded and started, the Instruction Execution Block (IEB) is loaded and
triggered. The block contains all the instructions the FSW will execute during a
flyby. There are three types of instructions: Power—to control the power states of the
RADAR; Telemetry & Command—to set up special modes, including diagnostic
instructions; and Slow and Fast instructions. The last two are combined into one
setup instruction for the RADAR configuration. The reason for the fast and slow
types was to reduce the number of instructions necessary to uplink by recognizing
that some parameters vary faster than others.

Tables III and IV present a list of the slow and fast instructions and their
meaning. A much more detailed description of each parameter is in the Cassini
RADAR Digital Subsystem High Level Design Document (DSS-HLD). Dur-
ing a typical flyby it is expected that each Fast Field will change as often as
every 15 s while each Slow Field will change as often as every 3 min. The
execution time for each instruction is controlled by the flight software, using the rel-
ative time from the initial trigger (TFI) of the RADAR. The combined instruction is
sent to the Control and Timing Unit (CTU) for its actual control of the RADAR. The
TRIGGER command is the last command the RADAR, received from the space-
craft Command and Data System (CDS) prior to RADAR operations and from that
point on, until the RADAR is turned off, the RADAR operates autonomously.

4.5. INSTRUMENT DATA MODES

The RADAR sends data to the spacecraft CDS for storage on the Solid State
Recorder (SSR) through two channels. The first, low-rate (10–20 bps), channel is
called “Housekeeping” and is used whenever the RADAR is on. The Housekeeping
channel carries engineering data only. It becomes active approximately 80 s af-
ter the DSS is turned on and continues until the DSS is turned off. During nor-
mal operations a complete sample of RADAR engineering data is received every
2–4 min. The second channel is the High Rate Science channel with data rates
as high as 365 kbps. All RADAR science data, including the engineering data
in the science headers, are sent through this channel. The spacecraft CDS picks
up packets from the RADAR at the maximum rate of 365 kbps but only stores
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TABLE III

Slow Field Instruction Structure

Parameter Name Bits Range

Time from trigger 16 0–18.2 h in 1.0 s steps

Instruction type 2 112 (fixed)

Data take number 8 0–255

Slow field instruction number 8 0–255

Radar mode 4 0: LALTL, 1: LALTH, 2: SARL, . . .

Calibration source 4 0: Norm, 1: Ant, 2: Noise diode, . . .

Adc sample rate 2 0: 0.25, 1: 1.0, 2: 2.0, 3: 10.0 MHz

Receiver bandwidth 2 0: 0.12, 1: 0.47, 2: 0.94, 3: 4.68 MHz

Transmit/receive window offset 4 −8 to +7 PRIs

Data compression mode 3 0: 8/2, 1: 8/1, 2: 8/1MSB, . . .

Beam mask 5 001002: beam 3, 111112: all beams

Receiver attenuattion (beams 1 and 2) 12 0–74 dB in 1 dB steps

Receiver attenuattion (beam 3) 12 0–74 dB in 1 dB steps

Receiver attenuattion (beams 4 and 5) 12 0–74 dB in 1 dB steps

Radiometer integration period length 4 10–75 ms in 5 ms steps

Number of radiometer integration periods 8 1–255 periods

Chirp step duration 8 0.67–9.47 µs in 0.67 µs steps

Chirp step quantity 12 2–750 steps

Chirp frequency step size 16 0–117.2 kHz in 1.788 Hz steps

TABLE IV

Fast Field Instruction Structure

Parameter Name Bits Range

Time from trigger 16 0–18.2 h in 1.0 s steps

Instruction type 2 102 (fixed)

Fast field instruction number 8 0–255

Bursts in instruction 8 1–255 bursts

Pulses in transmit burst 8 0–255 pulses

Burst period 12 10–4095 ms

Receiver window delay 10 0–1023 PRIs

Pulse repetition interval 10 0–1023 clock periods

Chirp start frequency 16 0–30 MHz (458 Hz steps)
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those packets that have real data included. The other packets are identified as
“0-filled” by the RADAR and are discarded. The valid data are produced by the
RADAR at variable rates; typically 1 kbps for radiometer only, 30 kbps for scat-
terometer and altimeter, and up to 260 kbps for imaging. It is up to the RADAR
to insure that the total volume of data allocated to the RADAR is not exceeded
during the RADAR data collection time. The total volume of data the RADAR
would produce in the course of a nominal Titan flyby (i.e. a 1,000 km flyby) is
about 1 GB.

During the cruise period, when only a simple preventive maintenance test is
performed every three months, the only data-type available is housekeeping. Normal
operations of the RADAR will be executed during infrequent special checkout
periods.

4.6. MAINTENANCE SEQUENCE

The maintenance sequence the RADAR will execute every three months during the
cruise phase of the mission is shown in Figure 9. The figure illustrates how the CDS
and the RADAR interact during this sequence, and is also illustrative of how the
RADAR will be operated during science data taking. The thick center line represents

Figure 9. The RADAR Bootstrap Loader Maintenance Sequence.
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a timeline interface between the RADAR and the CDS; the CDS actions are below
the line, the RADAR actions above. The times after the DSS turn-on are shown with
each command from the CDS. The three RADAR power switches are quickly turned
on to start the RADAR. The RADAR DSS goes through an initialization procedure
during which a sequence of built-in tests is run. After these tests are completed the
RADAR loads a descriptor table into the CDS/RADAR interface, and communica-
tion with the RADAR can begin. It is at this point that the housekeeping data start
to be sent to the CDS. As the maintenance sequence runs from PROM (the Boot-
strap Loader), no flight software or an IEB table are necessary to be loaded prior to
operations.

The RADAR comes up in a power state called Warmup-1. This power state
has several substates, depending on which commands have been sent by the CDS.
As soon as the RADAR receives a trigger, the PROM sequence of instructions
begins to run. These are illustrated by the short up-arrows above the time line. The
numbers embedded in these arrows indicate a transition instruction to that power
state. These power states are for the RFES portion of the RADAR. The transition
to the Warmup-4 includes a 4 min wait to allow for time to warm up the Traveling
Wave Tube Amplifier (TWTA). The last power instruction puts the DSS in the
state to sequence the RFES. The first fast/slow (F/S) instruction then commands
the transmitter to commence transmitting.

In the maintenance sequence there are only two fast/slow field pairs which
operate for 16 min each. The RADAR transmits and receives, but no science data
are collected. After the end of the second 16 min period the power instructions
reverse the order to put the RADAR in Warmup-0 mode, and make it ready for
the power to be disconnected by the CDS commands to the power subsystem of
the spacecraft. The housekeeping data transmission ends when the DSS is turned
off but, in reality, the last housekeeping packet received represents the state of the
RADAR several minutes before shutoff.

5. RADAR Design Considerations

The Cassini/Huygens mission is a joint undertaking of the National Aeronau-
tics and Space Administration (NASA), European Space Agency (ESA), and the
Italian Space Agency (ASI). The RADAR instrument was developed in partnership
between NASA and ASI. ASI selected Alenia Aerospazio in Rome as the con-
tractor for both the spacecraft High Gain Antenna (HGA) and the RADAR Radio
Frequency Electronics Subsystem (RFES). Alenia in turn selected subcontractors
such as FIAR in Milan and EMS in Atlanta, Georgia, for the component units of
the RFES. The overall responsibility for the RADAR system design and space-
craft interfaces rested with the Jet Propulsion Laboratory (JPL). The complexity of
the instrument called for a number of special design considerations. We treat here
the following: power, mass, space and location, antenna, pointing and ephemeris
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accuracies, target-flyby geometries, instrument control method, data rates and
volumes, and the limited number of Titan flybys.

5.1. POWER

The Cassini spacecraft power system uses radioactive thermal generators (RTGs)
for all its electrical power and no batteries for power buffering. The RADAR has
high (195 W) peak power requirements which could not be accommodated by
the spacecraft power system. Early design of the instrument included an internal
battery which would provide most of the transmitter energy requirements during
a 10 h Titan flyby. Both battery size and long life considerations led to a bat-
tery substitute, called the Energy Storage Subsystem (ESS), which is a bank of
capacitors. The design of the ESS called for energy to be stored for a “transmit
burst,” 90–3,000 ms. The transmit portion of the burst lasts no more than about
10% of the total burst time, thus, the 90% non-transmit time is used to recharge
the capacitor bank of the ESS. The peak transmitter power requirement was thus
reduced from 195 to 30 W by use of the ESS. The RADAR power requirement is
86 W.

5.2. MASS

As in all planetary missions, mass has been a severe constraint on the RADAR
design. Conservative design for an 11-year mission and radiation environments
near 100 krad dictated the use of low-density components. This resulted in the total
mass of 43.3 kg for the RADAR instrument.

5.3. SPACE AND LOCATION

The spacecraft was designed to have 12 electronic bays. The RADAR occupies
Bay 11 and a specially constructed appendage to the main body of the spacecraft,
the “penthouse” (Figure 10). The use of the penthouse required a thermal interface
through a baseplate to the spacecraft; it further required additional thermal blankets,
louvers, and radioactive heating units (RHUs) to control the thermal environment
of the RFES. The DSS and ESS, located in Bay 11, share the thermal design of the
spacecraft bays.

5.4. ANTENNA

Tight constraints on mass and volume required that the RADAR share the 4 m
telecommunications antenna (HGA), as did the radar on the Magellan mission. The
system design also dictated that a single feed or beam could not meet the per-flyby
requirements of imaging and other modes simultaneously. A five-feed, five-beam
design was decided upon, in which the center, highest-gain beam would be used in
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Figure 10. The locations on the spacecraft of the RADAR RFES (Penthouse) and DSS/ESS
(Bay 11).
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Figure 11. Cassini RADAR block diagram.

all modes. The additional four beams would be used in the imaging mode, creating
a wide swath. Beam switching would be done inside the RADAR. The five-beam
design required five waveguides into the HGA, each with a separate feed. Other
methods of beam scanning were considered, such as the phased-array feeds, but
were rejected. The five feeds were accommodated into the four-frequency HGA
(Figure 11). The switching of the beams is accomplished in the RFES by the Front
End Electronics, which is a compact set of twisted waveguides and circulators. No
moving parts were used.

5.5. POINTING AND EPHEMERIS

In order to automatically record the echo data the RADAR needs to have available
accurately predicted ranges to the targets of interest. This is achieved by knowing at
any instant the spacecraft position relative to the target and the HGA pointing. Since
the Cassini spacecraft is in orbit around Saturn, and Titan is the target of interest,
the accuracy of the ephemeris is expected to be insufficient by Earth-observing or
Magellan radar standards. The same is true for pointing, which is done relative to
a star field or a fuzzy limb rather than the center of Titan, and is thus degraded
for radar use. These inaccuracies demanded a design in which the radar echoes
are not interleaved with transmissions, as would be required for high-resolution
imaging. Thus, the radar transmits for a set number of pulses and pulse rate until
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the prediction indicates the first echo will have returned, and then the receiver is
activated and all echoes received.

5.6. FLYBY GEOMETRY

As described in Section 4.6, the timing of the radar must be set properly to receive
the echo. It is also necessary that the frequency of the echo be within the range of
the receiver. If the target is moving with respect to the transmitter or the receiver, the
echo is Doppler-frequency shifted proportional to the velocity and radar frequency.
Normally this shift is only a small fraction of the bandwidth and can be neglected.
For the Cassini RADAR, the bandwidth is as low as 0.1 MHz and the Doppler shift
as high as ±0.6 MHz. It is a requirement on the design to take into account this
effect.

5.7. CONTROL METHOD

The control of the radar can be performed by several means including remotely,
based upon predictions, and automatically, based upon actual data. The radar echoes
and radiometric settings, it was felt, would be too difficult for an automatic system
to set up and hold to all the system constraints, especially that of the total data
volume. A computer was available on the project list, called the Engineering Flight
Computer (EFC), which had most of the capability required for radar operations. It
was decided that the radar parameters would be table-driven from a time-ordered
set of parameters, which would control all the radar parameters such as gain, an-
tenna port, pulsewidth, and bandwidth. Each entry in the table is calculated by
ground software, called the Radar Mapping Sequencing Software (RMSS), which
takes inputs such as science desires spacecraft pointing, ephemeris, and data rate.
The RMSS outputs the Instruction Execution Block (IEB) table. Each RADAR
observation (a Titan flyby, an icy-satellite flyby, etc.) has a unique table which is
transmitted to the spacecraft as part of the regular uplink process prior to a flyby.

Another aspect of RADAR control is the program, which runs in EFC. This
program is called the Cassini RADAR Operational Control Flight Software
(CROCFSW), or Flight Software (FSW) for short. The FSW, to be described later in
this paper, is a major contributor to the functionality and testability of the RADAR
hardware.

5.8. DATA RATES AND VOLUMES

In addition to mass and power, the data rates and volumes are the most limiting
resources planetary missions impose. During each RADAR flyby of Titan about
1 Gbit will be recorded on the spacecraft’s Solid State Recorder (SSR) for later play-
back. These data include all spacecraft packet formats, radar formats, engineering
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telemetry, and science data. The science portion will be approximately 90% of the
total. In order to pack as much information as possible into these bits the echo
data are compressed using a method pioneered on the Magellan mission called the
Block Adaptive Quantizer (BAQ) (Kwok and Johnson, 1989). On Magellan, the
method used was 8-bits-in/2-bits-out (8/2), in a fixed hardware design. In the case
of the Cassini RADAR the hardware method was dropped and a software method
added to the system. Since the BAQ was implemented in software, it has much more
flexibility than the Magellan hardware method; in fact, other modes are available
such as 8/4, 8/1, and 8/0. The 8/4 mode will be used for altimetry and scatterometry,
the 8/1 mode could be used for imaging in order to sacrifice amplitude resolution
in return for finer spatial resolution, and the 8/0 mode (which produces no data) is
used for test purposes.

5.9. LIMITED NUMBER OF FLYBYS

The RADAR lacks opportunity to acquire processable echoes prior to its first data-
collecting flyby of Titan, likely to take place in 2005. Radar-operational flybys of
Venus and Earth would allow the first closed-loop test of the RADAR system. As
helpful as these tests could be, they would still simulate operations at targets vastly
different from Titan. The review in Section 1 showed how little we know about
the surface characteristics of Titan. We know even less about the performance of
the RADAR radiometer and about the thermal effect of a 10 h RADAR flyby of
Titan on the performance of the spacecraft systems. During the Science Cruise
(i.e. in the period of 2 years prior to the Saturn Orbit Insertion), we expect to
run extensive “dress rehearsal” tests to simulate full Titan flybys. During a Titan
flyby the HGA is pointed at Titan, and no data are received at Earth. Thus, there is
no opportunity to correct problems during the data collection, and if there indeed
are problems, the RADAR flyby will, most likely, be sacrificed and the correction
will have to wait until the next downlink/uplink cycle is completed. To make this
process efficient, the RADAR has been designed to be as autonomous as possible
and monitor and report all aspects of its operation while collecting the science
data.

Prior to each flyby the RADAR is powered up, at which time it performs a
series of built-in tests (BITs). The results of the BITs are reported in the low-
rate housekeeping data. Next, the FSW is loaded, followed by the IEB table
and by the trigger to start. If any of these processes does not go to comple-
tion the RADAR cannot report that fact to the spacecraft and the science-data
flyby will be lost. If a problem occurs after the trigger, the FSW should recog-
nize that fact and recovery might be possible, depending upon the nature of the
problem.

In addition to potential hardware (or software) faults the data themselves can be
examined by the FSW to determine if the settings of the radar system parameters
are correct. The three areas which were examined for automatic control (onboard
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processing) were the timing of the receive window position, receiver gain, and
radiometer integration period. It was felt that it would be difficult to set the timing
correctly in an automatic system in all cases and that the pointing and ephemeris
would be good enough for data capture so automatic timing control was rejected.
Receive gain control was examined and determined to be a candidate for automatic
control. Consequently, automatic gain (really attenuation) was implemented as well
as automatic radiometer integration-time setting. Each of these software modules
reads the input science data and determines a change in the setting, which will bring
the level closer to the ideal.

6. Hardware Design

The Cassini RADAR consists of four subsystems: the Digital Subsystem (DSS), Ra-
dio Frequency Electronics Subsystem (RFES), Energy Storage Subsystem (ESS),
and High Gain Antenna (HGA) (Figure 11). The DSS, built at JPL, contains the
interfaces to the spacecraft data bus, the control electronics for all the radar, the
analog-to-digital converters for both science data and engineering telemetry, and
the flight software for all RADAR operations. These operations include data as-
sembly and data processing such as gain adjustment and data compression. The
RFES, built by Alenia Aerospazio, contains all the analog RF components of the
RADAR as well as the digital chirp generator (DCG) and the Ultra-Stable Oscil-
lator (USO)—the timing reference for the whole RADAR. The RFES responds to
digital signals from the DSS, to set its operating parameters. The ESS, built at JPL,
is a battery substitute for the transmitter of the RFES. The HGA, built by Alenia
Aerospazio, has four frequency bands (S, X, Ku, and Ka) to provide services for
radar science (Ku-band) and radio science and telecommunications operations (the
remaining bands).

6.1. DIGITAL SUBSYSTEM

The Digital Subsystem performs all the digital functions of the RADAR, which in-
clude accepting commands from the spacecraft Command and Data System (CDS),
executing the flight software, operating the entire system as specified in the uplinked
instruction table, collecting and processing science data, and collecting engineer-
ing telemetry data. The DSS is located in a portion of Bay 11, one of the 12 bays,
which make up the spacecraft instrument bus. The DSS is made up of five circuit
chassis which contain the following: the Flight Computer Unit (FCU), the Science
Analog-to-Digital Converter (SADC), the Telemetry Analog-to-Digital Converter
(TADC), the Science Data Buffer (SDB), the Control and Timing Unit (CTU), the
Power Converter Unit (PCU), and the RFES interfaces. The functions of each of
these units are explained below.
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6.1.1. Flight computer unit
The Flight Computer Unit is made up of the project-supplied Engineering Flight
Computer (EFC), the Bus Interface Unit (BIU), and Startup Read Only Memory
(SUROM). The function of the FCU is to accept and interpret commands from the
spacecraft CDS. The commands include the RADAR flight software and the table
that contains the time-ordered set of instructions to operate the RADAR. The FCU
controls both science and engineering telemetry data flow, compresses the science
data using a software algorithm known as the Block Adaptive Quantizer (BAQ),
and formats the data into RADAR units known as SAR-Altimeter Bursts (SAB)
and then into the smaller CDS transport packets.

6.1.2. Science analog-to-digital converter
The Science Analog-to-Digital Converter (SADC) is known as the “Science ADC”
to distinguish it from the ADCs for the telemetry subsystem and the radiometer.
The Science ADC consists of three parts: an input buffer amplifier, the high-speed
ADC, and the digital code conversion circuitry and output buffers. The input buffer
amplifier receives the video signal from the receiver, amplifies it, and level-shifts it to
a value that is compatible with input voltage range of the ADC. The digital circuitry
receives and transmits all control and timing signals required by the Science ADC
Subsystem.

6.1.3. Telemetry analog-to-digital converter
The purpose of the Telemetry ADC Subsystem (TADC) is to provide the Engi-
neering Flight Computer (EFC) with up-to-the-second data on the performance of
the Cassini RADAR System. The TADC samples analog voltages from DSS, ESS,
RFES, and external waveguides, converting them into digitized equivalents with
an analog-to-digital converter, and then it transfers those digitized data into RAM
memory. The TADC also accepts the radiometer DC signals from the RFES and
processes them for inclusion in the SAB footer.

6.1.4. Science data buffer
The Science Data Buffer (SDB) is a 16K-word, high-speed RAM buffer that acts as
a rate buffer for science data from the high-speed A/D converter (SADC) enroute
to the FCU. The SDB appears in the address space of the FCU as a 16K-word (one
“word” equals two bytes) block. During the receive-window of a burst, the SDB is
filled with raw, 8-bit, time-domain samples (packed two samples per word) from
the SADC. When the receive-window closes, the FSW transfers the burst of data
from the SDB into the local memory of the FCU.

6.1.5. Control and timing unit
The Control and Timing Unit (CTU) sets all the timing functions of the RADAR. It
accepts a formatted instruction from the software running in the FCU and stores it
in a register until the previous instruction runs out. The CTU sets all the high-speed
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logic in the RADAR such as when to transmit, when to receive, or when to move
data to the RFES. The CTU runs off a 10 MHz clock that is derived from the
30 MHz Ultra-Stable Oscillator (USO) in the RFES.

6.1.6. Power converter unit
The Power Converter Unit (PCU) takes the 30 VDC power from the spacecraft
power bus and converts it to the various voltages used in the DSS: ±5 VDC,
±9 VDC, −12 VDC, and ±15 VDC. The power into the PCU comes from the space-
craft via a solid-state power switch, one of the three used to control the RADAR.

6.1.7. RFES interfaces
The electrical interfaces to the Radio Frequency Electronics Subsystem (RFES) are
all with the DSS, except for the power interfaces to the spacecraft and to the RADAR
Energy Storage Subsystem (ESS) and the RF interface with the HGA. There are 22
control and timing signals from the DSS-CTU which, among other things, control
the beam-select and receive-window. In the RFES the signals fan out to the various
units such as the Front End Electronics for beam-select and Microwave Receiver
for receive-window. A high-speed logic line also controls the waveform generation
start in the Digital Chirp Generator. The DSS accepts analog inputs from the RFES
such as the downconverted waveform going to the SADC, and the radiometer and
engineering telemetry voltages going to the TADC.

6.2. RADIO FREQUENCY ELECTRONICS SUBSYSTEM

The Radio Frequency Electronics Subsystem (RFES) is that portion of the RADAR
that converts the chirp waveform data from the DSS into high-powered pulsed
waveforms which, in turn, are sent to the proper antenna port. The echoes are
received through the same port and captured by the sensitive receiver. The physical
location of the RFES is in a “penthouse” located above Bay 11 (which houses the
DSS), below the backside of the HGA (see Figure 10). The penthouse is attached
thermally to the spacecraft through a baseplate and has additional thermal control
through the use of thermal blankets, a louvered outer cover, and five 3 W, radioactive
heating units (RHU) attached to the outer surface of the RFES. The units which
make up the RFES are the Frequency Generator (FG) (which contains the Ultra-
Stable Oscillator), the Digital Chirp Generator (DCG), the Chirp Upconverter and
Amplifier (CUCA), the High-Power Amplifier (HPA), the Front End Electronics
(FEE), the Microwave Receiver (MR), and the Power Converter. The operation of
these units will be explained below.

6.2.1. Frequency generator
The Frequency Generator Unit (FGU) contains the 30-MHz USO that is placed in
an oven controlled to 85 ◦C. The signals from this unit are sent to three destinations.
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First, they are sent to the CUCA, to provide upconversion frequencies for construc-
tion of the transmit waveform. Second, they are sent to the MR, to downconvert the
received signal to baseband. Third, they are sent to the DSS for all digital timing
signals control, including the digitization of the science data.

6.2.2. Digital chirp generator
The Digital Chirp Generator (DCG) is the device that generates the frequency-
modulated signal, the “chirp.” The chirp is the pulse expansion necessary in high-
performance radar in order to achieve high average power with relatively low peak
power. The inputs to the DCG come from the DSS; they are the parameters of
a pulsed radar chirp—such as the start frequency, number of frequency steps, fre-
quency step length, and frequency step size. The last three parameters control the
pulse length and bandwidth, while the first controls the frequency offset due to the
high Doppler frequencies on this mission.

6.2.3. Chirp upconverter and amplifier
The chirp signal coming from the DCG is at baseband frequency and of low level. In
order to drive the transmitter, the chirp waveform must be upconverted to 13.8 GHz
and amplified. The Chirp Upconverter and Amplifier receive the low-level chirp
from the DCG. It uses the 30 MHz signal and derivatives to arrive at 13.8 GHz, and
then the signal is amplified to the proper level.

6.2.4. High power amplifier
The amplified chirped signal from the CUCA is further amplified by the High
Powered Amplifier (HPA) to approximately 65 W peak power. The HPA uses a
traveling wave tube amplifier (TWTA). This tube operates at high voltages (4,000
VDC) in order to get sufficient amplification. The high voltages are generated within
this unit. The output of the HPA is fed through waveguides to reduce losses.

6.2.5. Front end electronics
The purpose of the FEE is to route the transmitted signal through one of the five
output waveguides and to switch a few milliseconds later to route the echo to the
receiver. The FEE is a complex set of 13 circulators and waveguides, which allow
selection of single beams a large number of times without deterioration of function.
The FEE also contains the resistive load calibration for the radiometer and the
routing circuit for the injection of the noise diode calibration. The noise diode itself
is located in the MR.

6.2.6. Microwave receiver
The most complex unit in the RFES is the Microwave Receiver. This unit contains
the low-noise amplifiers (LNA), downconverter, amplifiers, bandpass and band-
width filters, variable attenuators, and the radiometer detection circuit and noise
diode calibration source. Because of its extreme sensitivity, a limiter was added
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before the LNA to reduce the possibility of catastrophic failure caused by high
signals entering the MR. The LNA were specially designed and mounted in gold
foil to reduce gain changes that might result from the ground-plane motion. To pro-
tect the LNAs during normal operations, pin-diode switches block signals except
when reception is desired. A combination of high-gain amplifiers and attenuators,
controlled from the DSS, allow for precise control of the signal levels going to the
DSS-SADC.

The radiometer detector circuit operates at the full 135 MHz bandwidth of the
receiver. The circuit contains a special noise diode, an integrator, and a reset circuit.
Particular consideration was given to all these components to yield a stable system.
The noise diode has undergone special gold foil application for grounding to reduce
gain jumps. The diode is mounted in a kovar frame, and its signal goes to the FEE
where it joins the input to the MR.

6.2.7. Power converter
The Power Converter Unit (PCU) supplies all the low-voltage application in the
RFES except the ESS-supplied 35 VDC which powers the HPA. A separate space-
craft solid-state power switch turns on the RFES.

6.3. ENERGY STORAGE SUBSYSTEM

The Energy Storage Subsystem (ESS) is a battery substitute for the HPA of the
RFES, used to reduce the peak-power required by the RADAR during transmis-
sion. The ESS does this by boosting the 30 VDC, supplied by the spacecraft, to
approximately 80 VDC for storage in a capacitor bank, and then bucks the 80 VDC
to 35 VDC for use by the HPA. The boost to 80 VDC is necessary to more effec-
tively store the energy and give some “headroom” so that when the energy is drawn
from the capacitor bank the voltage stays above the 35 VDC required. The input to
the ESS is limited to 34 W, while the output is approximately 200 W. The RADAR
transmits at a <75% duty cycle for 10–50 ms and then waits for approximately
10 times this interval, until the next transmission occurs. During this “quiet” time
the voltage in the ESS builds back up. A separate spacecraft solid-state switch turns
on the ESS.

6.4. HIGH GAIN ANTENNA

Due to volume and mass constraints, the Cassini RADAR uses the spacecraft’s high-
gain, 4 m diameter telecommunications antenna. To extend the imaging coverage,
a multiple radar feed structure at 13.8 GHz is mounted on the antenna reflector to
generate five beams. The beams are adjacent to one another in the cross-track di-
mension, as is shown in Figure 12. The beam configuration is illustrated in Figure 6.
In this figure, the central, circular beam (B3) is generated by illuminating the entire



CASSINI TITAN RADAR MAPPER 107

Figure 12. The four-wavelength feed assembly of the Cassini High Gain Antenna. The RADAR
Ku-band feeds B1, B2, B4, and B5 are placed–the sides from the antenna’s axis.

reflector with a feed that is located at reflector’s focal point, and the side-looking
beams are generated by partially illuminating the reflector with four feeds that are
located away from the focal axis. The expected performance characteristics of the
five antenna beams of the Cassini RADAR are given in Table V. During operation,
only one beam will be utilized during a radar burst, from 90 to 3,000 ms.

7. Summary

The RADAR experiment will provide a comprehensive set of data that will allow a
significant enhancement of our understanding of the present state and evolution of
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TABLE V

Cassini RADAR Antenna Performance Characteristics

Peak Azimuth Cross-track Angle from Peak Peak
gain beamwidth beamwidth focal axis sidelobe cross-pol
(dB) (◦) (◦) (◦) (dB) (dB)

Beams 1 and 5 42.0 0.35 1.35 2.2 −12 −20

Beams 2 and 4 42.1 0.35 1.35 0.85 −13 −20

Beam 3 49.1 0.35 1.35 0 −16 −20

the surface of Titan, by acquiring global radiometric maps and high-to-moderate
resolution imaging of about 25% of the moon’s surface. The RADAR sensor was
designed to have flexibility to respond to a wide range of the presently unknown
surface characteristics. As we acquire the first set of data, during the first flybys
of Titan, the RADAR sensor configuration and parameters will be reset to op-
timize the science yield of the data acquired during the subsequent flybys. By
the end of the Cassini mission, the RADAR will have provided significant imag-
ing coverage of the last major body in the solar system save the still unmapped
Pluto/Charon.
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